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Biomembranes undergo extensive shape changes as they perform vital cellular functions or become
diseased. To understand the mechanisms by which lipids and proteins control membrane curvature
during various processes, researchers have identiﬁed and engineered many curvature-inducing and
curvature-sensing proteins and peptides. In this paper, a simple experiment was performed to show
qualitatively how membrane remodeling by N-terminal amphipathic helix of Amphiphysin affects the
spatial distribution of the transmembrane Fc receptor protein (FcεRI) in mast cells. Results indicate that
an elevated concentration of amphipathic helices can interfere with the formation of a typical mast cell
synapse.
& 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cellular membranes exhibit different curvatures depending on
the function they perform. For example, normal cells are known to
change their membrane shape when they become cancerous or
are exposed to toxic drugs [1,2]. Cell membrane topography also
changes to form various vesicles (closed membrane shells) in order
to synthesize and trafﬁc materials such as proteins [3]. Dynamic
remodeling (restructuring) of the membrane is a consequence of
several different mechanisms that include, but are not limited to,
changes in lipid composition, speciﬁc protein-membrane interac-
tions that drive the expansion of one lipid membrane layer,
changes in cytoskeletal polymerization and pulling of tubules by
motor proteins, direct and indirect scaffolding of the lipid bilayer,
and active amphipathic helix insertion into one leaﬂet of the
bilayer [3–5]. Numerous curvature-sensing and curvature-
generating proteins in the cell have been identiﬁed, each having
a speciﬁc application [3]. For example, the Amphiphysin protein of
the BAR (Bin/amphiphysin/RVs) domain is a brain-enriched pro-
tein with an N-terminal lipid interaction, dimerization and mem-
brane bending BAR domain, a middle clathrin and adaptor binding.V. This is an open access article un
nergy Science, University of
, Colorado Springs, CO 80918,domain and a C-terminal SH3 domain [6]. In the brain, its primary
function is thought to be the recruitment of dynamin to sites of
clathrin-mediated endocytosis [6,7]. BAR domains generate and
sense membrane curvature by binding the negatively charged
membrane to their positively charged and concave surfaces [7–9].
To understand the basic mechanism of curvature generation and
sensing by the Amphiphysin protein, researchers have experi-
mentally studied full-length Amphiphysin, N-BAR domains, as well
as N-terminal amphipathic helices [9–14]. For example, N-BAR
domains are found to shape low-curvature microvesicles into
high-curvature tubules in vitro [7,12] and can tubulate the cell
plasma membrane when overexpressed in COS cells [7]. Moreover,
computer simulations have shown that sufﬁcient high concentra-
tions of bound N-BAR domains [12] as well as embedded amphi-
pathic helices [12,14] will cause increases in membrane remo-
deling. Besides the growing recognition that proteins can generate
membrane curvature, there have been experimental efforts in
understanding how membrane shape modulates transmembrane
protein distribution and mobility. In recent studies, the integral
membrane protein potassium channel KvAP was shown to prefer
highly curved membrane tubes to the practically ﬂat membrane of
cell-sized giant unilamellar vesicles [15] and showed a signiﬁcant
increase in mobility under tension [16].
In this study, the effect of curvature-remodeling N-terminal
amphipathic helix of Amphiphysin on transmembrane Fc receptor
protein (FcεRI) distribution in mast cells was investigated whender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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bilayer using confocal microscopy. For mast cells, the rat basophilic
leukemia 2H3 cell line (RBL) is typically used as a model system
[17–20]. Mast cells store granules with chemical mediators of
inﬂammation. These mediators are released when high afﬁnity
FcεRI speciﬁc for immunoglobulin E (IgE) are brought into close
proximity, i.e. aggregated. In model systems, receptor aggregation
is usually accomplished by cross-linking IgE-loaded receptors with
multivalent ligands or by monovalent ligands bound to a ﬂuid lipid
bilayer [17–20]. In the latter model system, the receptors are ﬁrst
aggregated in microclusters by diffusion-limited trapping of IgE-
receptor complexes at close cell-substrate contact points [19].
After aggregation, micron-sized clusters move by apparently per-
forming diffusion or a random walk motion to eventually coalesce
to form a big central receptor patch, called the mast cell synapse
[18,19]. This large receptor patch resembles the immunological
synapse formed by T cells and B cells, when in contact with a
ligand presenting bilayer [21,22]. Similar to the immunological
synapse, there is evidence that the mast cell synapse can play a
critical role in immune cell signaling between contacting cells. For
example, a recent experiment showed that a synapse formed by
mast cells and dendritic cells can facilitate antigen transfer in T cell
activation [23].
Experiments presented here suggest that FcεRI receptor dis-
tribution in the RBL-2H3 synapse can be signiﬁcantly changed in
the presence of curvature-remodeling N-terminal amphipathic
helix of Amphiphysin.2. Materials and methods
2.1. Cells
The RBL-2H3 cell line was purchased from ATCC. RBL-2H3 cells
were maintained in minimal essential medium (MEM) supple-
mented with 10% fetal bovine serum (FBS), 1% Penicillin Strepto-
mycin (Pen-Strep), and 1% L-glutamine (L-glut). Anti-DNP IgE was
purchased from Sigma-Aldrich and labeled with DyLight 550
Amine-Reactive Dye (Thermo Scientiﬁc). Before microscopy, cells
were ﬂuorescent IgE (IgE550) primed by incubation with
0.5 mg/mL of ﬂuorescent IgE overnight.
2.2. Supported lipid bilayer
Prior to use, microscope glass cover slips were cleaned of
organic residues with a mixture of sulfuric acid and hydrogen
peroxide (piranha solution). Supported lipid bilayers were made
by spontaneous liposome fusion [18,19,24]. Lipids, obtained from
Avanti, were dissolved in chloroform, dried under air ﬂow, then
placed under a vacuum for 1 h to remove traces of oxygen. The
lipid ﬁlm was then suspended in PBS to 1.3 mM and sonicated for
5 min using a probe sonicator in an ice bath. Laterally mobile
bilayers were formed from zwitterionic 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 25 mol% N-dinitrophenyl-
aminocaproyl phosphatidylethanolamine (DNP-Cap PE) on pir-
anha cleaned cover glass for 15 min on a slide warmer at 37 °C.
Each bilayer coated coverslip was water immersed during transfer
to the imaging chamber. Prior to adding cells to the bilayer, the
chamber was ﬂushed with Hanks' buffered saline solution.
2.3. Amphiphysin peptide
Fluorescent N-terminal amphipathic helix of human Amphi-
physin, residues 1-38 (aN) was provided by Dr. Hubert Yin, Uni-
versity of Colorado, Boulder. The ﬂuorescent tag, 4-chloro-7-nitrobenzo-2-oxa-1,3-diazole (NBD), was attached to the N-
terminus of this peptide (NBD-aN).
2.4. Confocal microscopy
A Leica TCS SP5 confocal laser scanning microscope with a 63
oil immersion objective was used to simultaneously image IgE550
and NBD-aN in the cell-substrate contact zone. The confocal pin-
hole size was set to 95.6 μm (1 airy unit) and images were taken
with a scanning speed of 400 Hz (660 ms). Cell samples were
maintained at 37 °C using an objective heater.3. Results and discussion
After the addition of RBL-2H3 mast cells loaded with IgE550 to
the microscope imaging chamber, cells were allowed to settle
under gravity onto a 25 mol% DNP-Cap PE bilayer for 30 min.
Fig. 1A and B show typical spatial distribution of IgE550 receptor
complexes (red) forming a large central receptor patch. This spatial
pattern is referred to as mast cell synapse [18]. Fig. 1A shows a
receptor patch that is in process of spreading. Fig. 1B shows a
typical mast cell synapse with most receptors near the center
forming a large patch with an irregular boundary that is sur-
rounded by a receptor cluster depletion zone [18,19]. It is typical
that holes in the receptor pattern persist.
Previous experiments showed that N-terminal amphipathic
helices of Amphiphysin bind avidly to anionic liposomes [9,10] and
can constrict them into tubules about 50 nm in diameter at a
concentration of 10 mM (peptide:lipid or P:L ratio in the range of
1:10) [9]. N-BAR domains are known to induce membrane
deformation at a lower P:L ratio than their cognate amphipathic
helices [25]. Although nearly all anionic lipids in eukaryotic cells
face the cytoplasm [26], some cell functions require anionic lipids
to ﬂip. For example in mast cells, anionic phosphatidylserine has
been shown to ﬂip from the plasma membrane inner to outer
monolayer after antigenic stimulation [27,28]. Therefore, to test
how a curvature-remodeling peptide affects FcεRI receptor dis-
tribution in the mast cell synapse, NBD-aN was added after the
mast cell synapse was formed. Cells loaded with IgE550 settled
under gravity on a 25 mol% DNP-Cap PE bilayer for 30 min. After
30 min of cell settling, 20 mM of NBD-aN was added to the
adherent cells and allowed to incubate for 5 min before the
unbound peptide was removed by sample washes with Hanks’
buffered saline solution. Fig. 1C and D show that the addition of
NBD-aN (green) appears to interfere with the formation of the
mast cell synapse. Speciﬁcally, NBD-aN seems to prevent spread-
ing of IgE550 (red) into a large central receptor patch as shown in
Fig. 1B. When NBD-aN is allowed to incubate for more than
10 min, NBD-aN tubules appear to emanate from the cell mem-
brane as shown in Fig. 1E and F. Due to the limited spatial reso-
lution of confocal microscopy, further investigations are needed to
conﬁrm tubule formation. The small inset in Fig. 1E depicts an
optical slice through the same cell showing clear binding of NBD-
aN to the cell membrane. Finally, it is noted that the effect of aN on
FcεRI receptor distribution in the absence of an antigen and for
lower peptide concentrations remain to be investigated.
Possible mechanisms for the observed receptor reorganization
require further investigation. For example, a relatively high
amphipathic helix concentration could delaminate the supported
lipid bilayer due to helix insertion causing redistribution of FcεRI
receptor complexes. However, it has been shown that amphipathic
helices partition weakly to zwitterionic bilayers at peptide con-
centrations ranging from 5 to 50 μm [10]. Since the supported
lipid bilayer used here is composed of zwitterionic lipids (POPC
and PE), delamination is likely not the main mechanism. It is also
Fig. 1. Confocal microscope images of mast cells in contact with a ﬂuid lipid POPC bilayer with 25 mol% DNP-Cap PE lipid. Shown confocal slices are taken from the cell-
substrate contact zone. A and B: cells loaded with ﬂuorescent IgE-receptor complexes (IgE550, red) after settling under gravity for approximately 30 min. Big central receptor
patch is the mast cell synapse. C to F: cells loaded with ﬂuorescent IgE-receptor complexes (IgE550, red) and NBD labeled N-terminal amphipathic helix of human
Amphiphysin (aN, green). E and F show that aN peptides form tubules that appear to emanate from the cell membrane. Inset in E, shows an optical slice through the cell.
Scale bars represents 5 μm.
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will force FcεRI receptor complexes to redistribute because the
signaling complexes cannot pack inside thin tubules. An experi-
mentally determined FcεRI receptor signaling complex diameter is
7 nm [29], which is smaller than 50 nm diameter tubules
formed from charged liposomes by amphipathic helices [9]. Fur-
ther studies are needed to investigate this possibility. Finally, the
observed receptor reorganization may be due to changes in surface
energy of the cell membrane after the addition of curvature-
generating aN. In this case, FcεRI receptor complexes preferentially
accumulate at membrane locations with curvature favorable to
their shape [4,30]. In the last decade, there have been many stu-
dies investigating the mechanism of curvature-based membrane
protein sorting. For a recent review of this topic, refer to Refs.
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